Numerical simulations of the process of electromagnetic energy release from a high-power microwave pulse compressor comprising a gas-filled cavity and interference switch were carried out. A microwave plasma discharge in a rectangular waveguide H-plane tee was modeled with the use of the fully electromagnetic particle-in-cell code MAGIC. The gas ionization, plasma evolution, and interaction with RF fields accumulated within the compressor were simulated using different approaches provided by the MAGIC code: particle-in-cell approach accounting for electron-neutral collisions, gas conductivity model based on the concept of mobility, and hybrid modeling. The dependences of the microwave output pulse peak power and waveform on parameters that can be controlled in experiments, such as an external ionization rate, RF field amplitude, and background gas pressure, were investigated. V C 2014 AIP Publishing LLC.
I. INTRODUCTION
There has been much progress over the last three decades in the development of microwave pulse compressors producing nanosecond output pulses of megawatt-to-gigawatt peak power with high (tens and hundreds) power gain. Highgain compressors are a promising alternative to high-power microwave sources driven by pulsed high-current relativistic electron beams as they employ well developed commercial magnetrons and klystrons operating at moderate voltages and being well proven for high repetition rates. A high gain is a feature of resonant compressors, in which an active element, a switch, is used to rapidly increase the coupling of a resonant cavity with a load for energy release, and the cavity Q-factor during the time of energy accumulation is much higher than that in the extraction phase. 1, 2 Presently, the microwave compressors with plasma switches based on gas discharge are mostly advanced. With these compressors, the power gains exceeding 20 dB are achieved in L-, S-, and X-bands; the peak output power level obtained in single-cavity S-band compressors reached 200-500 MW and with 2-stage compression, the peak power of 1.2 GW was obtained. 3 In X-band, compressors based on oversized Bragg resonators with plasma switches provided output pulses of up to 100 MW power with a gain of 11-12 dB. 4 A variety of plasma switch configurations have been developed including interference switches using highpressure gas discharge in waveguide H-plane and Magic-tee junctions, switches using discharge tubes in the grooves of Bragg reflectors, switches based on fast transformation of different cavity eigenmodes, etc.
Nevertheless, despite experimental advances, processes occurring in plasma switches during microwave energy release from resonant cavities remain insufficiently understood. A particularly important point here is the quality of switching. An ideal switch in a high-gain compressor would fully open the cavity, so that an output pulse would have a rectangular waveform with a duration corresponding to the cavity double transit time and the output power would correspond to that of a traveling wave component in the cavity before switching. Meanwhile, in practice, the output power in high-gain compressors is reduced significantly. For instance, for the S-band compressor, in which probably the highest gain of 23 dB was achieved, a factor of 1.5 for the power reduction was reported. 5 In the X-band compressor of 20 dB gain, the output power was reduced by a factor of two. 6 Also, the waveforms of output pulses generated by compressors with plasma switches are rather far from rectangular. Evidently, the switching losses and waveform distortion are determined by the processes in the plasma discharge-ionization, excitation, scattering, and microwave energy dissipation in the plasma. The plasma represents a complicated medium-dispersive, dissipative, strongly non-stationary and non-linear, and a compressor output power changes in time according to the dynamics of the plasma electron density and electron-neutral collisions. To our knowledge, so far, neither theoretical studies nor numerical research concerning the problem of the influence of plasma discharge dynamics on the microwave compressor output pulse have been carried out.
In this work, the process of microwave energy release from a compressor is investigated numerically for a simple model representing a rectangular-waveguide-based cavity and H-plane tee as a switch filled with a gas at high pressure. Simulations allowing one to directly obtain the compressor output power versus time were carried out using the fully electromagnetic 3-D particle-in-cell (PIC) code MAGIC. either artificial or impact gas ionization, plasma representation as a conductive gas whose conductivity is determined by the electron mobility, and hybrid simulations combining macroparticles and gas conductivity model. In Sec. II, the main results of the performed simulations are presented.
II. SIMULATION RESULTS
All simulations were performed for the system geometry shown in Fig. 1 . It consists of the waveguide sections having an identical standard cross-section (72 mm Â 34 mm) and silver walls; these are input and output sections, a cavity section, and an H-plane tee with the shorted side arm. The input iris of 4 mm thickness has the circular coupling hole, 27 mm in diameter, filled with a dielectric of e ¼ 2.25. At the input port, the electromagnetic wave in the TE 10 mode was injected into the system; the amplitude of the RF voltage across the waveguide in the center was set at 15 kV in all simulations. This corresponds to an input power of %225 kW at a resonant frequency of f ¼ 2.9802 GHz.
The microwave energy storage (compressor charging) was simulated without introducing plasma; the electromagnetic fields obtained in this simulation were then used as preset fields to simulate the output pulse extraction with the appearance of plasma. The results of the simulation of the compressor charging are presented in Figs. 2 and 3. It is seen from Fig. 2 that there is almost no reflected wave in the input region, and leakage into the output region is negligibly small. It should also be noted that the E z -field amplitude in the tee side arm is considerably higher than those in the cavity waveguide; one can see this when comparing the middle and bottom plots of Fig. 2 . In Fig. 3 , the growth of the RF voltage across the cavity waveguide in time is shown. It is seen that in the end of this simulation (t % 1.1 ls), the RF voltage reaches the value of %220 kV. The ratio of half this value to the input RF voltage amplitude (15 kV) gives the cavity gain of %17.3 dB. This gain corresponds to %12.1 MW power of the traveling wave component of the cavity field-the figure to be compared to the compressor output power obtained in the simulations below.
A. Simulations with setting an artificial ionization
The microwave energy release from the compressor was simulated by introducing plasma in the region of maximal RF electric field in the tee side arm, at the quarter guide wavelength from the shorting plane (see Fig. 2 , bottom). The simplest way to generate plasma is to use the available in the MAGIC code option of setting the rate of ionization, dn e /dt (n e is the electron density), i.e., electron-ion pair production, in a background gas as an arbitrary function of coordinates and time. The electrons, which are set in this way, interact with neutrals according to built-in interaction cross-sections. This influences, however, only on their motion (energy losses depending on the gas sort and pressure) and does not result in neutrals ionizing and does not lead to electron avalanche; that means the ionization is set artificially. The ions of the produced plasma are considered immobile during a rather short time of the output pulse extraction.
PIC simulations of this kind were performed with different ionization rates being constants within certain different time intervals. The background gas was nitrogen. The ionization region was the 8-mm thick layer across the tee side arm as shown in Fig. 4 . Also shown in Fig. 4 is an example of the electron phase space plot illustrating how electron energies are distributed along the wide wall of the waveguide. This plot was obtained at 0.5 ns from the start time of ionization, which is only about 1.5 period of the RF field, so that particles produced by the code at every time step acquire energy depending on the field phase in the moment of a particle appearance. As the plasma at atmospheric pressure is highly collisional, the electrons' energy is of the order of only tens of eV, in spite of a strong RF electric field (!80 kV/cm amplitude). There is, nevertheless, some correlation of electrons energies with the field profile over the waveguide wall. After the end of ionization, the electrons' phase space rapidly becomes uniform with maximal energy 20 eV.
The results of simulations showed that with the appearance of plasma, the standing wave pattern of RF fields is transformed into one of a traveling wave leaking out of the cavity. Depending on the density of the plasma determined by the ionization rate and time, only partial or almost complete reflection from the plasma layer takes place. The E z -field at the plasma boundary decreases; it drops down to almost zero for almost complete reflection (see Fig. 5 ). In the case of partial reflection, when the wave reflected from the tee back into the cavity gets to the iris and is reflected back again, a new standing wave pattern of smaller amplitude is formed. Accordingly, microwave energy is released toward the output port in portions of ever decreasing power. In Fig.  6 , two different waveforms of the output pulse are shown. It is seen that in case of the lower density of the produced plasma (curve 1), the extracted power is less than half the stored power ($12 MW in the traveling wave component of the field built-up in the cavity), and there is a significant post-pulse power level. In the case of the longer ionization time leading to an order of magnitude higher plasma density (curve 2), the output power is almost the same as the stored one (just there is a considerably long rise-time of the pulse) and the post-pulse level is negligible.
Here, it should be noted that while qualitatively, the lower the E-field at the plasma boundary, the higher the output power is, right up to the stored one, the actual values of the plasma density, at which almost all, and even half the stored power is released seem to be too low for such efficient extraction. Indeed, in the simulation with ionization rate 5 Â 10 20 cm À3 s À1 and duration 1.3 ns, the plasma frequency of the produced plasma x p % 4.55 Â 10 10 s À1 . This value is much lower than the frequency of electron-neutral collisions ! 10 12 s À1 typical at atmospheric pressure and tens eV electron energies. 8 The circular frequency of microwave oscillations x ¼ 2pf < x p ( as well. In these conditions, for the model of cold collisional plasma, the plasma permittivity eðxÞ 8 and the electromagnetic wave reflection from the boundary of such a plasma is very small. Hence, one could expect an extracted microwave power to be much less than half the stored power, as in Fig.  6 . The reason for this discrepancy is in the inaccuracy of calculations in the PIC simulations of the plasma whose Debye radius is significantly less than the computational grid cell size. 9 To avoid this, the grid cell size in simulations at P ¼ 10 5 Pa and plasma densities of $10 12 cm À3 should be of the order of 0.1 mm or less. Simulations with ionization rate 5 Â 10 20 cm À3 s À1 and duration 1.3 ns were carried out for the cell size decreasing from 2 mm to 0.5 mm. The results of these simulations showed that the output power decreases considerably and with a finer grid, a decrease is larger. Nevertheless, even the smallest cell size of 0.5 mm remains insufficiently small as it still resulted in too a high percentage, %34%, of the power extraction. Further reducing the cell size would lead to an impractical time for simulations to run. Thus, PIC simulations with artificially produced plasma only qualitatively describe the process of microwave energy release from high-power, high-gain compressors operating at atmospheric pressures; they are not appropriate for adequate quantitative evaluation of the output power, at least with the present capabilities of personal computer hardware.
B. Simulations using gas conductivity model
The MAGIC code contains another model that is more suitable to simulate dense plasma. This is the gas conductivity model, in which plasma is represented by a conductive gas filling the simulation space. 7, 10 This model is based on the concept of mobility, i.e., the gas conductivity is determined by the electron and ion density and mobility depending on the electric field, pressure, and temperature r gas ¼ eðl e n e þ l p n p þ l n n n Þ. Here, l and n are the mobilities and densities and indices e, p, n correspond to electrons, positive, and negative ions, respectively. The densities evolve according to the equations accounting for the electron avalanche, electron-neutral attachment, electron-ion recombination, and positive-negative ion neutralization dn e dt ¼ Q e þ ða À bÞn e À a e n e n p ; dn n dt ¼ bn e À a i n n n p ; n p ¼ n e þ n n :
The source term Q e can be set as a function of coordinates and time; such a simulation would not include any particles. Otherwise, Q e is calculated using ionization crosssections for primary electrons treated by the PIC algorithm; this would be a hybrid model. The coefficients a (avalanche), b (attachment), a e (recombination), and a i (neutralization) are field-and pressure-dependent, as well as are the mobilities, so that simulations using the gas conductivity model can be considered, in some sense, self-consistent. In all simulations below, for coefficients' dependences on the field, pressure, and temperature, the models provided by the MAGIC for air were applied.
Important simulations that can be performed using the gas conductivity model are simulations with zero Q e and nonzero initial electron density. In this manner, simulation of compressor charging accounts for the presence of natural electron background, and thus the level, up to which the RF field can be accumulated in the cavity before the self-breakdown at a given pressure, is determined. Such simulations were performed with the initial electron density corresponding to the cosmic background, n e j t¼0 ¼ 10 4 cm
À3
, within the tee side arm. Typical results are presented in Fig. 7 . One can see that the electron density begins to grow in accordance with the standing wave pattern of the E-field in the cavity (top left). The density in the point of maximal field reaches the maximal value as high as %1.76 Â 10 13 cm À3 (bottom left), which is an order of magnitude higher than the plasma density set in PIC simulations with artificial ionization. The density growth (avalanche development) stops the field build-up at t % 340 ns (top right) and accordingly, the RF signal appears at the output (bottom right). Let us note that the maximal RF voltage in the cavity corresponds to %3.6 MW stored power, while the peak output power is only of %174 kW, even less than the input power. This is a typical situation of self-breakdown, which occurs rather frequently in experiments.
In order to get a valuable output signal, one needs to trigger the plasma discharge externally, i.e., to turn on the source term Q e in a simulation before the microwave energy storage would stop. The efficiency of the output power extraction will then depend on the external ionization rate and duration, and, of course, on the gas pressure. In addition, the output power is also determined by the stored power, which strongly depends on the pressure since the E-field before the gas self-breakdown gets higher with increasing pressure. To investigate these dependences, simulations at different pressures were performed: first, from simulations with zero Q e , a certain time moment when the electron density reaches the order of 10 10 cm À3 was determined and then simulations with different Q e turned on at this moment were run. The source term was set within the 8-mm thick layer across the tee side arm (same as the ionization region in Subsection II A).
In Fig. 8 , the results of these simulations are presented for the constant Q e ¼ 10 22 cm À3 s À1 operating for only 5 ns; the output pulses are shown starting from the moment of the beginning of external ionization. It should be noted that the electron density rises up to values, which are a bit less than 5 Â 10 13 cm À3 that would be produced by the source term only (n e % 4.6 Â 10 13 cm
for P ¼ 10 5 Pa and 4.3 Â 10 13 cm À3 for P ¼ 3 Â 10 5 Pa), and as the external ionization ends, the density begins to decrease due to recombination and attachment processes. The output power decreases accordingly; the moment of time corresponding to maximums in the output pulses is shifted with respect to the end of ionization by the time needed for the leaking wave to get to the output port. For the lower pressures, nevertheless, the output pulses look quasi-rectangular (curves 1 and 2) due to the lower rates of the electron density decrease. In addition, with increasing pressure, the efficiency of power extraction decreases significantly because of Joule losses, as seen from the right plot of Fig. 8 . On the other hand, a higher pressure allows for a longer duration of energy accumulation, so that the source term is turned on at a higher stored power; therefore, the output power itself increases with increasing pressure up to some maximum value. This is clearly seen from the left plot of Fig. 8 -the power obtained at P ¼ 3 Â 10 5 Pa is only very slightly higher than that obtained for P ¼ 2.5 Â 10 5 Pa, which, in turn, is much higher than in the case of lower pressures.
The optimal pressure, at which the output power is maximized for a given input power is an important characteristic of the system in practice. Naturally, the optimal pressure depends on the maximal electron density produced as a result of external ionization. If the density is sufficiently high, it is the minimal pressure at which the process of RF field buildup saturates without self-breakdown; this is P $ 3 Â 10 5 Pa for our simulations with %225 kW input power. For lower densities, the optimal pressure is lower. In Fig. 9 , the same results as shown in Fig. 8 are presented for the source term of 3 Â 10 21 cm À3 s À1 turned on for 10 ns. It is seen that the highest output power is achieved at P ¼ 2.5 Â 10 5 Pa (curve 3 in the left plot). In addition, Fig. 9 illustrates decreasing efficiency of power extraction at a lower electron density produced by the source term. Comparison of the peak output power values in Figs. 8 and 9 shows that the efficiency decreases by $12% for P ¼ 10 5 Pa and by a factor of $1.7 for P ¼ 3 Â 10 5 Pa. Finally, one can see that all output pulses in Fig. 9 have rather triangular waveforms, which are caused by longer rise-times in the electron density.
Thus, simulations using the gas conductivity model give reasonable results and allow one to investigate the dependences of the compressor output on parameters that can be really controlled, particularly, to find an optimal pressure maximizing output power. A disadvantage of the model not including particles in the simulations is in the fact that the plasma density changes in time locally. Meanwhile, the diffusion of electrons definitely influences the ionization process and, hence, the output pulse power and waveform; it can be taken into account using a hybrid model.
C. Hybrid simulations
In hybrid modelling, both macroparticles and conductive gas are present in the simulations. Macroparticles contribute to the gas ionization via the source term in the gas conductivity model, which is calculated from PIC dynamics and ionization cross-sections, namely, Q e ¼ qN eDV P i v i r ion ðv i Þ, where q and v i are the charge and velocity of a macroparticle, respectively, r ion is the cross-section, N is the neutral gas number density, and DV is the cell volume of the computational grid. In addition, particles may produce electron-ion pairs via the impact model of ionization available in MAGIC; the generated electrons participate in the ionization of neutrals as well.
Hybrid simulations were performed for the case when at the beginning of simulation there are primary electrons in the tee side arm populating the volume of cubic form (8 Â 8 Â 8 mm 3 ) around the antinode of the RF electric field in the center of the waveguide cross-section (see Fig. 10 ). Preset RF fields correspond to the stored power of %12.1 MW (!80 kV/cm field amplitude in the populated volume), as in Subsection II A. Accordingly, due to the interaction with neutrals, the energy of electrons becomes $20 eV, as seen in Fig. 10 .
Results of the simulation, in which no generation of electron-ion pairs by the primary electrons was included (i.e., MAGIC command for impact ionization was not used), are presented in Figs. 11 and 12. In Fig. 11 , one can see the electron density calculated by the gas conductivity model in the center of the volume populated with the primary electrons and the output power as a function of time. The electron density rises up to $1.25 Â 10 14 cm À3 in about 2.5 ns; then, it saturates and begins to slightly decrease. Meanwhile, the output power continues to rise until about 11 ns. Evidently, this long-lasting increase in the output power is connected with the diffusion of the primary electrons leading to ionization outside the initially populated region. As a result, the plasma (conductive gas) volume expands, the reflection from it increases with time, and the output power increases accordingly. Particle diffusion and plasma expansion are illustrated in Fig. 12 ; it is seen that the plasma region expands mostly along the direction of the electric field.
One can compare the output pulse waveform obtained in the hybrid simulation with that of the purely "gas conductivity" simulation without particles in which diffusion is not accounted for. For such simulation, the constant source term Q e ¼ 10 23 cm À3 s À1 was set within the same cubic volume as where the primary electrons were seeded in the hybrid simulation. The value of Q e was taken to be about the highest rate of electron density rise that appears in the hybrid simulation and can be estimated from the left plot of Fig. 11 . The results are presented in Fig. 13 . It is seen that the rise in the output power correlates with the electron density rise; after the density saturates, a "flat-top" part follows in the output pulse waveform. The density at saturation in Fig. 13 is higher than that shown in Fig. 11 . The peak power, however, is significantly higher for the hybrid simulation owing to the plasma expansion as a result of electron diffusion. It should be noted that the peak output power of $4.4 MW obtained in the hybrid simulation is rather low compared to the stored power. This is related to the dimensions of the plasma, which, even at the end of the simulation, occupies only a small part of the waveguide cross-section (see bottom plots of Fig. 12) . Naturally, the efficiency of power extraction from the cavity is lower than that shown in Figs. 8 and 9 since in those simulations the source term was set within the entire waveguide cross-section. The hybrid simulations using the gas conductivity model in association with impact ionization were also carried out. In these simulations, the MAGIC option of electron-ion pairs' indirect creation 7 was used, so that other charged particles were generated in addition to the primary electrons. The equations of the gas conductivity model then include a leakage term accounting for this charge transfer from the conductive gas to particles. The results of these simulations, however, exhibit too strong, seemingly inappropriate electron diffusion and avalanche. As shown in Fig. 14 (top left plot) , the output power in such simulation turns out to be comparable with the stored power, and the output pulse duration is shortened with respect to the cavity double transit time. It is seen that the electron density evolved according to the gas conductivity model (top right plot) becomes 1-2 orders of magnitude higher than in the simulation with the primary FIG. 11 . Hybrid simulation with primary particles only; parameters are as in Fig. 10 . Left: electron density evolved according to the gas conductivity model in the point of maximal preset RF electric field vs. time. Right: RF power at the output port vs. time. Fig. 11 . Top: particles' phase portraits (kinetic energy vs. z-coordinate) at t ¼ 7.5 ns (left) and 14.5 ns (right). Bottom: contour plots for the electron density within the tee side arm waveguide cross-section (z-x plane) at the middle of the initially populated volume. t ¼ 7.5 ns (left) and 15 ns (right). Fig. 11 for the simulation without particles. The source term Q e ¼ 10 23 cm À3 s À1 is set within the same volume as shown in Fig. 10 and is turned on at t ¼ 1 ns.
FIG. 12. Same simulation as in

FIG. 13. Same as in
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particles only. The reason for that is in an excessive, in spite of limiting imposed by MAGIC, generation of particles. As a result, in the simulations, plasma rapidly occupies almost all the volume of the tee side arm and penetrates into the cavity waveguide region (bottom plots), thus terminating the output pulse. To the best of our knowledge, there is no experimental evidence for such pulse shortening in high-power compressors, so this result seems rather inadequate.
The hybrid simulations combining ionization via particle generation and gas conductivity model were performed not only for the case of primary electrons populating the volume shown in Fig. 10 but also for electron beam injection into the tee side arm at a quarter wavelength distance from the shorting plane through the narrow or wide wall of the waveguide. All results exhibited similarly excessive diffusion in all directions. Nevertheless, despite these unsatisfactory results, one can consider such combined hybrid modeling as an approach that is potentially more correct than hybrid simulations with primary particles only. Evidently, proper limitations on the generation of particles should be found in order to obtain adequate results.
III. CONCLUSIONS
With the use of the MAGIC code, numerical simulations of the microwave energy release from a high-gain pulse compressor with a switch based on a high-pressure plasma discharge have been performed. Purely PIC simulations were found to be inappropriate for studying the dynamics of plasma formation in the switch in connection with the extraction of the microwave pulse. Simulations using the gas conductivity model contained in the MAGIC code and hybrid simulations combining the plasma representation as a conductive gas with particles treated by the PIC algorithm allowed for investigating the dependences of the compressor output pulse peak power and waveform on parameters that can be controlled in experiments.
The effect of self-breakdown with a minor output has been demonstrated in simulations of the compressor charging with an initial background electron density. It was shown that for a given input power and external ionization rate, there is an optimal pressure maximizing output power; the efficiency of power extraction, however, decreases with increasing pressure. The rise of the output power in time correlates with the rise of the plasma density; in addition, the output power rises with the expansion of the volume occupied by the plasma as a result of electron diffusion. Thus, to increase the efficiency of power extraction from the cavity and shorten the rise time of the compressor output pulse, one needs a higher rate of ionization when the discharge is triggered and/or faster expansion of the plasma volume.
It is important to perform simulations of the output pulse extraction with adequate, self-consistent models for setting external ionization rate, which are to be developed for different methods of discharge triggering such as laser triggering, spark triggering, etc. Such simulations, as well as hybrid simulations, correctly combining ionization by particles production with the gas conductivity model are planned for our future work.
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